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MAGNETIC TUNNELING JUNCTION SEED,
CAPPING, AND SPACER LAYER MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation-in-part of co-
pending patent application Ser. No. 12/776,331, filed May 7,
2010, entitled “Method and System for Providing Magnetic
Tunneling Junction Flements Having Improved Performance
Through Capping Layer Induced Perpendicular Anisotropy
and Memories Using Such Magnetic Elements,” which 1s a
continuation-in-part ol co-pending patent application Ser.
No. 12/338,489, filed Aug. 10, 2009, entitled “Method and
System for Providing Magnetic Tunneling Junction Elements
Having Improved performance Through Capping Layer
Induced Perpendicular Anisotropy and Memories Using Such
Magnetic Elements™, the disclosures of each of which are
incorporated herein by reference 1n their entireties.

GOVERNMENT RIGHTS

This invention was made with U.S. Government support
under Grant/Contract No. HR0011-09-C-0023 awarded by
DARPA. The U.S. Government retains certain rights in this
invention.

BACKGROUND

Magnetic memories, particularly magnetic random access
memories (MRAMSs), have drawn increasing interest due to
their potential for high read/write speed, excellent endurance,
non-volatility and low power consumption during operation.
An MRAM can store information utilizing magnetic materi-
als as an information-recording medium. One type of MRAM
1s a spin transier torque random access memory (STT-RAM).
STT-RAM utilizes magnetic elements written at least in part
by a current driven through the magnetic element.

For example, FIG. 1 depicts one exemplary magnetic tun-
neling junction (MTJ) 10 as 1t may be used 1n a conventional
STT-RAM. The conventional MTJ 10 1s typically formed
over a bottom contact 11, uses conventional seed layer(s) 12
and includes a pinning layer, e.g., a conventional antiferro-
magnetic (AFM) layer 14, a conventional pinned layer (or a
reference layer) 16, a conventional tunneling barrier layer 18,
a conventional free layer 20, and a conventional capping layer
22. Also shown 1s a top contact 24.

Conventional contacts 11 and 24 are used 1n driving the
current 1n a current-perpendicular-to-plane (CPP) direction,
or along the z-axis as shown in FIG. 1. The conventional
tunneling barrier layer 18 1s nonmagnetic and 1s, for example,
a thin mnsulator such as MgQO. The conventional seed layer(s)
12 are typically utilized to aid in the growth of subsequent
layers, such as the AFM layer 14, having a desired crystal
structure. Direct exposure of the conventional free layer 20 to
the top contact 24 may result 1n a disordered interface, dead
magnetic regions and enhanced damping. Consequently, the
conventional capping layer 22 1s provided directly on the free
layer 20, prior to deposition of the top contact 24. This con-
ventional cap acts as a diffusion block and improves the
surface quality of the conventional free layer 20. The conven-
tional pinned layer 16 and the conventional free layer 20 are
magnetic. The magnetization 17 of the conventional pinned
layer 16 1s fixed, or pinned, 1n a particular direction, typically
by an exchange-bias interaction with the AFM layer 14.
Although depicted as a simple (single) layer, the conventional
pinned layer 16 may include multiple layers. For example, the
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2

conventional pinned layer 16 may be a synthetic antiferro-
magnetic (SAF) layer including magnetic layers antiferro-
magnetically or ferromagnetically coupled through thin con-
ductive layers, such as Ru. In such a SAF, multiple magnetic
layers interleaved with a thin layer of Ru may be used.

The conventional free layer 20 has a changeable magneti-
zation 21. Although depicted as a simple layer, the conven-
tional free layer 20 may also include multiple layers. For
example, the conventional free layer 20 may be a synthetic
layer including magnetic layers antiferromagnetically or fer-
romagnetically coupled through thin conductive layers, such
as Ru.

Spin transier torque may be used to write to the conven-
tional MT1J 10. In particular, spin transier torque rotates the
magnetization 21 of the conventional free layer 20 to one of
the two directions along its easy axis. When a write current 1s
passed through the conventional M'TJ 10 perpendicular to the
plane of the layers, electrons may be spin polarized by trans-
mission through or reflection from the conventional pinned
layer 16. The spin transfer torque on the magnetization 21 of
the conventional free layer 20 may be adequate to switch the
conventional free layer 20 11 a sufficient current 1s driven
through the conventional MTJ 10. Therefore, the conven-
tional free layer 20 may be written to the desired state. The
conventional MTJ 10 may thus be used for data storage 1n an

STT-RAM.

SUMMARY

In exemplary embodiments, a binary alloy oxide, ternary
alloy oxide, or other multi-nary alloy oxide, which has the
same basic crystal orientation (001) as MgO after annealing,
can be provided to lower the barrier height of MgO so that 1t
15 less resistive at increased thicknesses. For instance, new
oxides can be formed by providing additional elements to the
oxide, e.g., MgO to reduce its resistance. These additional
clements can include, for instance, any one or more of the
following elements: Ru, Al, Ta, Tb, Cu, V, Hf, Zr, W, Ag, Au,
Fe, Co, N1, Nb, Cr, Mo, and Rh. The new oxides may be used
as seed, capping, or spacer/barrier layers to increase the tun-
nel magnetoresistance (1 MR ) ratio and reduce the RA for the
magnetic device such as a magnetic memory device.

The properties of the MgO layer can therefore be improved
through the use of additives or additional elements. Additives
can be used, for instance, to stretch or shrink the crystal
structure to match the lattice constant. Or, additives can be
used to 1ncrease mismatch caused strain 1mpact on perpen-
dicular anisotropy.

These new oxide materials provide a lower RA value by
virtue of having a lower band gap or, in some instances,
conductivity. A lower band gap reduces the material’s resis-
tance to tunneling. Conductive oxide maternals could be used,
for instance, for providing seed or capping layers with
reduced resistance. And, although conductivity should gen-
crally be avoided for barrier layers in spin transier torque
MTI structures, conductive spacer (insertion) layers can be
usetul for spin valve structures. By utilizing new oxide mate-
rials with reduced RA values for the seed, capping, and bar-
rier/spacer layers, memory writing current and power can be
reduced, read signal and speed can be increased, and the
probability of writing and reading errors can be greatly
reduced.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

FIG. 1 depicts a conventional magnetic element.
FIG. 2 depicts an exemplary magnetic element.
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FIGS. 3 and 4 are graphs illustrating switching speeds at
various voltages for the magnetic memory structures shown
in FIG. 2 for the two switching directions.

FIG. 5 1s a graph illustrating the number of MTJ memory
bits versus write current for the two switching directions
(P—P, AP—P) 1n the structures shown 1n FIG. 2.

FIG. 6 provides a set of graphs 1llustrating the benefits of a
DMT]J structure, and of a DMT]J structure in which one of the
two barriers 1s configured according to principles of the
present inventive concepts.

FI1G. 7 1s a schematic representation of a magnetic memory
clement constructed having a barrer layer formed from one
or more of the new oxide materials according to principles of
the present inventive concepts.

FIG. 8 15 a schematic representation of a magnetic memory
clement having both in-plane and perpendicular reference
layers, and further having an in-plane magnetized free layer
and having a barrier layer formed from one or more of the new
oxide materials according to principles of the present imven-
tive concepts.

FI1G. 9 1s a schematic representation of a magnetic memory
clement similar to FIG. 8, but further including a capping
layer formed from one or more of the new oxide materials
according to additional principles of the present mventive
concepts.

FIG. 10 1s a schematic representation of a magnetic
memory element having both perpendicular and in-plane ret-
erence layers, a perpendicularly magnetized free layer, and
turther having a barrier layer formed of one or more of the
new oxide materials according to another embodiment of the
present mventive concepts.

FIG. 11 1s a schematic representation of another embodi-
ment ol a magnetic memory element having both perpendicu-
lar and in-plane reference layers, a perpendicularly magne-
tized free layer, and further having a barrier layer formed of
one or more ol the new oxide materials according to addi-
tional principles of the present inventive concepts.

FIG. 12 1s a schematic representation of a magnetic
memory element having a seed layer formed from one or
more of the new oxide materials according to still further
principles of the present inventive concepts.

FIG. 13 1s a schematic representation of a magnetic
memory element having a capping layer formed from one or
more of the new oxide materials according to additional prin-
ciples of the present inventive concepts.

FIG. 14 1s a schematic representation ol a magnetic
memory element having a capping layer and a seed layer
formed from one or more of the new oxide materials accord-
ing to further principles of the present inventive concepts.

FIG. 15 1s a schematic representation of a magnetic
memory element having substantially perpendicularly mag-
netized free and reference layers and further having a barrier
layer formed from one or more of the new oxide matenals
according to principles of the present inventive concepts.

FIG. 16 1s a schematic representation of a magnetic
memory element having substantially perpendicularly mag-
netized reference and iree layers, further 1llustrating the use
of one or more of the new oxide materials as a capping layer,
barrier layer, and/or seed layer according to further principles
of the present inventive concepts.

FIG. 17 depicts an exemplary embodiment of a magnetic
memory ufilizing a magnetic element according to some
embodiments of the present disclosure.

FI1G. 18 1s a schematic cross-sectional view of a magnetic
device including an MTJ element constructed according to
principles of the present disclosure.
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FIG. 19 1s a schematic view of an electronic system 1n
which the magnetic element device according to some
embodiment of the mnventive concept described above 1s used.

DETAILED DESCRIPTION

The exemplary embodiments relate to magnetic elements
usable 1n magnetic devices, such as magnetic memories, and
the devices using such magnetic elements. The following
description 1s presented to enable one of ordinary skill 1n the
art to make and use the mvention and 1s provided in the
context of a patent application and 1ts requirements. Various
modifications to the exemplary embodiments and the generic
principles and features described herein will be readily appar-
ent. The exemplary embodiments are mainly described 1n
terms of particular methods and systems provided 1n particu-
lar implementations. However, the methods and systems will
operate elfectively 1n other implementations. Phrases such as
“exemplary embodiment”, “one embodiment” and “another
embodiment” may refer to the same or different embodiments
as well as to multiple embodiments. The embodiments will be
described with respect to systems and/or devices having cer-
tain components. However, the systems and/or devices may
include more or less components than those shown, and varia-
tions 1n the arrangement and type of the components may be
made without departing from the scope of the invention. The
exemplary embodiments will also be described 1n the context
of particular methods having certain steps. However, the
method and system operate effectively for other methods
having different and/or additional steps and steps 1n different
orders that are not inconsistent with the exemplary embodi-
ments. Thus, the present invention 1s not intended to be lim-
ited to the embodiments shown, but i1s to be accorded the
widest scope consistent with the principles and features
described herein.

The exemplary embodiments are described in the context
of particular magnetic elements and magnetic memories hav-
ing certain components. One of ordinary skill 1n the art will
readily recognize that the present invention 1s consistent with
the use of magnetic elements and magnetic memories having
other and/or additional components and/or other features not
inconsistent with the present invention. The method and sys-
tem are also described 1n the context of current understanding
of the spin transier phenomenon. Consequently, one of ordi-
nary skill in the art will readily recognize that theoretical
explanations of the behavior of the method and system are
made based upon this current understanding of spin transfer.
One of ordinary skill in the art will also readily recognize that
the method and system are described in the context of a
structure having a particular relationship to the substrate.
However, one of ordinary skill in the art will readily recognize
that the method and system are consistent with other struc-
tures. In addition, the method and system are described 1n the
context of certain layers being synthetic and/or simple. How-
ever, one of ordinary skill 1n the art will readily recognize that
the layers could have another structure. Furthermore, the
method and system are described 1n the context of magnetic
clements having particular layers. However, one of ordinary
skill 1n the art will readily recognize that magnetic elements
having additional and/or different layers not inconsistent with
the method and system could also be used. Moreover, certain
components are described as being magnetic, ferromagnetic,
and ferrimagnetic. As used herein, the term magnetic could
include ferromagnetic, ferrimagnetic or like structures. Thus,
as used herein, the term “magnetic” or “ferromagnetic”
includes, but 1s not limited to ferromagnets and ferrimagnets.
The method and system are also described in the context of
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single elements. However, one of ordinary skill 1n the art will
readily recognize that the method and system are consistent
with the use of magnetic memories having multiple elements.
Further, as used herein, “in-plane” 1s substantially within or
parallel to the plane of one or more of the layers of a magnetic
clement. Conversely, “perpendicular’” corresponds to a direc-
tion that 1s substantially perpendicular to one or more of the
layers of the magnetic element.

As discussed, an MTJ element such as the MTJ 10 of FIG.
1 may include an MgO tunneling barrier layer. MgO typically
has a (001) (*rock salt”) crystal structure that provides a good
crystal structure match with bce (001) CoFe, or with CoFeB
following annealing. This good crystal structure match pro-
vides a higher tunneling magnetoresistance (MR ) ratio suit-
able for memory device applications, for example. Among
other things, a high TMR ratio (e.g., >100%) enables faster
read operations. And the symmetry filtering enhanced spin
polarization results 1n a reduction of spin transifer torque
(STT) critical switching current density.

The trend toward smaller devices, however, makes 1t desir-
able to reduce the RA ofthe MTJ. To do so, one approach has
been to reduce the thickness of the MgO barrier layer. Unifor-
tunately, however, when the MgO layer 1s too thin, its benefits
may be lost. In particular, below abouta 5-10 Qum~ RA value,
the barrier quality quickly degrades and the TMR ratio
decreases. For 20 nm circles, an RA value of 10 Qum? will
cause the M1 bit to have a resistance of about 32 k£2. A high
MT1 bit resistance will cause the write voltage V. and write
energy E  to be detrimentally high.

Accordingly, 1t 1s desirable to have an improved tunneling
barrier layer that has the same or similar effect as MgQO, but
has a lower barrier height to provide a low RA without mak-
ing the barrier layer so thin that the film quality begins to

degrade. A lower RA 1s desirable, for instance, to scale a
PMTIJ (perpendicular MTJ) based STT-RAM below a 20 nm

node.

In addition, for best crystal structure matching, which
might be desirable for obtaining the highest TMR ratio and
the lowest spin transfer torque switching current density, a
thin MgO layer may be used as a seed layer, a capping layer,
or a spacer (1nsertion) layer. These layers have various desir-
able functions. For example, they can help to reduce the
voltage drop over the MTJ during switching. A conventional
capping layer, for instance, can help prevent oxidation of the
magnetic materials (e.g., Ta) which can otherwise react and
create a magnetic dead layer. With the MgO capping layer, the
formation of a dead layer can be prevented and strong per-
pendicular interfacial anisotropy can be achieved. Unfortu-
nately, however, providing an additional MgO layer may add
a series resistance that can ultimately lower the TMR ratio by
providing too much resistance.

Accordingly, 1t would also be desirable to have a seed,
capping, and/or spacer (1nsertion) layer having a good crystal
structure match with a much lower RA value to reduce per-
formance degradation that might otherwise occur.

Furthermore, in some memory structures, for example,
shown 1n FIG. 2, when MgO 1s used as the only tunneling
barrier layer, seed layer(s), and capping layer(s), the resulting
memory 100 may suifer from several writing and reading
performance problems as described further below.

In FIG. 2, the memory 100 includes a perpendicular anisot-
ropy capping layer 140, a free layer 130 having a changeable
magnetization 131, and a spacer layer 120, (e.g., tunneling,
barrier), and a pinned layer 110. The magnetic element 100 1s
for use 1n a magnetic device, such as a magnetic memory, 1n
which current 1s to be driven through the magnetic element
100. Consequently, such a device may include contacts (not
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shown 1n F1G. 2) through which current would be provided to
and exit from the magnetic element 100. Such contacts may
also be included 1n some or all of the devices discussed further
below, for example, with respect to FIGS. 7-16, although not
shown. The magnetic elements of the present application may
also include other components not shown i FIG. 2. For
example, 1n addition to seed layers, the magnetic elements
may include an AFM layer (not shown) adjoining the pinned
layer 110 for pinning the magnetization 111 of the pinned
layer 110.

In the embodiment shown 1n FIG. 2, spin transfer torque
may be used to switch the magnetization 131 of the free layer
130 to be parallel (P) or antiparallel (AP) to the magnetization
111 of the pinned layer 110. In the hard to switch (e.g.,
P—AP) direction, the required median switching current 1s
approximately twice as much as in the easy to switch (e.g.,
AP—P) direction. Furthermore, due to supply current limita-
tions from the cell transistor (e.g., 414 of FIG. 17) when the
cell size 1s comparable to a DRAM cell size in the same
technology node, the switching time for all MTJ bits to switch
can be orders of magnitude longer, resulting 1n a slow writing
operation that 1s not competitive with other memory tech-
nologies. Even in the easy to switch direction, when the
memory 100 1s written thousands to millions of times, more
and more bad MTJ bits develop, become un-switched during
some writing cycles, and then become good again. This 1s
because a MTJ bit when switched by a spin torque has an
incubation period that varies over time, depending on 1ts exact
magnetization direction at the time the spin torque 1s applied.
When MgO 1s used as seed and capping layers, 1t adds to a
series resistance and lowers the reading signal, and thus
decreases memory read speeds, which 1s explained further
below.

FIGS. 3 through 5 provide write operation performance
data from the memory 100 when the MTJ 100 1s constructed
with MgO as a single tunneling barrier, and one or more of the
seed and capping layers for the memory cell structure, such as
in the device structure shown 1n FIG. 2.

Referring now to FIGS. 3 through 5, the problems with a
write operation 1n a memory structure with only MgO form-
ing the seed, capping, and the only barrier layer will now be
discussed. FIG. 3 shows the single writing operation passing
MTIJ cell count versus writing pulse widths at various gate
voltages applied to the cell transistor (Vpp). As shown 1n FIG.
3, the write speed (for all the good MTJ cells or bits to switch
In a memory array) in the easy to switch direction (e.g.,
AP—P) can be as fast as 20 ns. However, as shown 1n FI1G. 4,
in the hard to switch direction (P—=AP), the single write
operation write speed can be slower than 500 ns for all the
MTIJ cells or bits to switch. The overall write speed may
therefore be significantly reduced.

FIG. 5 illustrates the write current distribution for a write
operation 1n both the easy to switch and hard to switch direc-
tions when the write pulse 1s fixed at 5 ns. As shown 1n FIG.
5, the write current required to program a cell 1 the hard to
switch direction can also be much higher than the write cur-
rent required to program a cell in the easy to switch direction.
As 1llustrated, the average write current 1n the hard to switch
direction 1s about 113 pA with a standard deviation of about
4’7 nA. In the easy to switch direction, however, the average
write current 1s only about 86 uA with a standard deviation of
only around 9 uA. Due to the broad distribution of write
currents 1n the hard to switch direction, 1t would be difficult
for a device constructed in this manner to function effectively.

FIG. 6 1s a graphical illustration comparing switching cur-
rents 1n a single barrier layer M1 structure (such as a bottom
MT]J structure) and 1n a DMT1 structure constructed accord-
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ing to some of the principles of the present inventive concepts
(as shown, for example, 1n FIG. 7) overcoming the drawbacks
ol the devices discussed above.

Referring to FIG. 6, a single tunneling barrier layer has a
concentrated switching current distribution in the easy to
switch direction, but a broad distribution in the hard to switch
direction. Using a DM'TJ structure constructed according to
some of the principles of the present inventive concepts, the
distribution of switching current can be significantly reduced
in the hard to write direction.

In addition, although a DMTIJ structure using multiple
MgO barrier layers may be capable of attaining fast switching
speeds (e.g., 50 ns or less) 1n both directions, 1t can be prone
to a low TMR ratio due to cancellation from both MgO
barriers. This canresult 1n a TMR ratio between 50% to 80%
and RA larger than 20 Qum~, which is unsuitable for below
20 nm node applications.

Theretfore, according to principles of the present inventive
concepts, 1f mstead of providing two MgO barriers, one (or
both) of the barriers 1s replaced with a barrier formed from
one or more of the new oxide materials disclosed in this
application, the much lower RA new oxide material barrier
will solve this problem by providing a much improved TMR
ratio.

Referring now specifically to FIG. 7, a DMT]I structure
according to one embodiment of the present inventive con-
cepts 1s illustrated. In the DMTJ structure of this embodi-
ment, one of the two barrier layers can be constructed from
one or more of the new oxide materials rather than MgO.

In particular, 1n FIG. 7, a magnetic element 70 for use 1n a
magnetic device, such as a magnetic memory, may include a
pinned layer (or a bottom reference layer 72), a MgO spacer
layer 74, a free layer 76, a non-magnetic spacer layer 78
tformed of a new oxide matenal, and another pinned layer (or
a top reference layer) 79. The new oxide material can, for
instance, be a binary, ternary, or multi-nary alloy oxide with
additional elements provided to reduce its resistance while
retaining the same basic crystal orientation (001) as MgO
aiter annealing. The magnetic orientation of the various mag-
netic layers can be either in plane or perpendicular. In some
embodiments, the magnetic orientation of the various mag-
netic layers can be combinations of in-plane and perpendicu-
lar magnetic orientation.

More specifically, a binary alloy oxide can, for instance, be
represented by the chemical formula Mg A O_, where, for
instance, x+y+z=1, x>y and 0<x, or y or z>>1. “A” represents
an additional element added to the MgO. This element can,

for instance, be any one of the following elements: Ru, Al, Ta,
Tb, Cu, V, Hf, Zr, W, Ag, Au, Fe, Co, N1, Nb, Cr, Mo, and Rh.
While the typical barrier height of MgO 1s about 2-3 eV, with
the additional element A, the barrier height may be reduced to
below about 2 eV to provide a lower RA value. The binary
alloy oxide Mg A O, still may have the (001) crystal structure
of MgO.

Similarly, a ternary alloy oxide can, for instance, be repre-
sented by the formula Mg A’ ylAz},zOE, where, for 1nstance,
x+yl+y2+z=1, x>y1+y2, and 0<x, or y1, y2, or z<1. A" and
A? are elements added to MgO to achieve a barrier height
lower than about 2 €V, to thereby lower the RA value. The
ternary alloy oxide Mg, A' | A® ,O_ still preferably has the
(001) crystal structure of MgO.

A multi-nary alloy oxide can, for instance, be represented
by the formula Mg A’ ylAzﬂ ...A” O, where, for instance,
X+yl+y2+...+yn+z=1,and O<xoryl,y2,...,yn,orz<l.A',
A%, ..., A” are elements added to MgO to achieve a barrier
height lower than about 2 eV to lower the RA value.
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It should be noted, however, that 1n some embodiments,
X+y or X+y1l+ ... +yn can be >1, and z can also be >1. For
instance, any one or more ol the materials MgAl,O,,, (Mg, Ca,
Sr, Ba)SnO,, Mg,SnO,, or NiMn,O,, could be used as the
new oxide material.

The new oxide materials can be formed, for instance, by
sputtering a magnesium target with the desired additional
clement(s) and then exposing the sputtered film to oxygen.
Alternatively, two, three, or more targets could be co-sput-
tered for binary, ternary, or multi-nary alloy oxides. Premixed
targets could also be provided 1n which desired metals are
premixed before sputtering and exposure to oxygen. Or,
although the particle count might be too high for memory
devices, the metals and oxygen could be premixed in one
single target prior to sputtering. Although when used as a
barrier layer the new oxide material should not be conductive,
the new oxide material may be conductive when used for seed
or capping layers or when used as a spacer layer in a spin
valve structure.

Without the new oxide material being used for one or more
of the MgO barner layers, the TMR ratio would be lower
because of series resistance of the MgO layers. By using one
of the new oxide materials, a higher TMR ratio and enhanced
spin polarization can be obtained.

FIGS. 8 through 16 illustrate further embodiments of mag-
netic stack structures for memory elements constructed
according to principles of the present inventive concepts. In
cach of these embodiments, the reference layers can, for
instance, be SAF structures for reducing or cancelling a bias
field effect on the free layer. Also, the free layer can be a SAF
structure.

Referring to FIG. 8, a magnetic element or magnetic stack
structure 80 can 1nclude a pinned layer (or a top reference
layer) 89 having a perpendicular magnetic orientation (per-
pendicular magnetization) arranged over a iree layer 86 hav-
ing an in-plane magnetic orientation (in-plane magnetization)
with a non-magnetic spacer layer (or tunneling barrier layer)
88 formed from one or more of the new oxide materials
arranged between the free layer 86 and the top reference layer
89. Another pinned layer (or a bottom reference layer) 82 can
be provided having an in-plane magnetic orientation with an
MgO tunneling barrier layer formed between the bottom ret-
erence layer 82 and the free layer 86. This embodiment can
provide very fast switching because of the combination of
two spin torques from the bottom in-plane and top perpen-
dicular reference layers. MgO may be used 1n this example as
the main tunneling barrier layer to provide a higher R value.
Thus, reading signals can be improved by the main MgO
barrier having a higher TMR ratio for larger read signal and
faster reading operation. When a writing current 1s passed
through the M1 structure shown in FIG. 8, the top perpen-
dicular reference layer provides a large perpendicular spin
torque on the free layer 86, and makes the free layer magne-
tization t1lt out of the plane immediately, the spin torque from
the bottom reference layer 82 will also act on the free layer
magnetization, and point the magnetization of the free layer
86 to either parallel or antiparallel with the bottom reference
layer 82. There will also be a precessional rotational effect of
the free layer magnetization when it 1s tilted out of its film
plane, thus making the switching of the free layer magneti-
zation very fast (e.g., tens to hundreds of pico seconds).

The embodiment shown 1n FIG. 9 1s similar to that shown
in FIG. 8, except a capping layer 99 formed from one or more
of the new oxide matenials 1s arranged above a pinned layer
(or a top reference layer) 98. The new oxide material capping
layer 99 can help induce additional interfacial perpendicular
anisotropy 1in the top reference layer 98. It should be noted
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that 1n each of the previous embodiments and the later-de-
scribed embodiments, the structures can be inverted without
departing from the mventive principles described herein. A
magnetic element 90 may also include an in-plane free layer
96, a bottom reference layer 92 with an MgO layer 94 dis-
posed therebetween. A non-magnetic spacer layer (or tunnel-
ing barrier layer) 97 formed from one or more of the new
oxide materials arranged between the free layer 96 and the top
reference layer 98.

FI1G. 10 illustrates a magnetic element (or a magnetic stack
structure or MT1) 100 1n which the top reference layer 109 has
an in-plane magnetic orientation, while the free layer 106 and
the bottom reference layer 102 each have perpendicular mag-
netic orientations. A non-magnetic spacer layer or a tunneling,
barrier layer 108 formed from one or more of the new oxide
materials may be arranged between the top reference layer
109 and the free layer 106, and an MgO tunneling barrier
layer 104 may be arranged between the free layer 106 and the
bottom reference layer 102. Perpendicular magnetic orienta-
tions can help reduce the size of the magnetic device to below
20 nm si1zes because perpendicular magnetic materials have
much larger magnetic anisotropy than in-plane magnetic
materials. When a writing current 1s applied through the MT1J
shown 1n F1G. 10, the in-plane reference layer 109 provides a
maximum spin torque on the free layer to tilt 1ts magnetiza-
tion towards the in-plane direction, and 1n conjunction with
the spin torque from the bottom perpendicular reference layer
102, the free layer will switch to be parallel or antiparallel
with the bottom reference layer 102 1n a short period. How-
ever, without the 1n-plane top reference layer 109, the mitial
spin torque may be zero or close to zero and 1t may take an
undesirably long time to begin switching.

FIG. 11 illustrates a magnetic element (or a magnetic stack
structure or MT1J) 110 1n which the top reference layer 119
and the free layer 116 have perpendicular magnetic orienta-
tions while the bottom reference layer 112 has an in-plane
magnetic orientation. An MgO tunneling barrier layer 118
may be arranged between the top reference layer 119 and the
free layer 116 while a non-magnetic spacer layer (or a tun-
neling barrier layer) 114 formed from one or more of the new
oxide materials can be arranged between the free layer 116
and the bottom reference layer 112. As with the in-plane top
reference layer 109 of the embodiment shown 1n FIG. 10, the
in-plane bottom reference layer 112 of this embodiment can
help provide faster switching speeds by helping to initiate the
switching operation.

Each of FIGS. 7 through 11 illustrated a DMTJ structure
constructed according to principles of the present mnventive
concepts. Various single barrier layer M1 structures are also
contemplated within the scope of the present inventive prin-
ciples, a few embodiments of which will be described with
reference to FIGS. 12 through 14.

FI1G. 12 illustrates a magnetic element (or a magnetic stack
structure) 120 1in which one or more of the new oxide mate-
rials can be used as a seed layer 122 with a free layer 124
formed thereon. An MgO tunneling barrier layer 126 sepa-
rates the free layer 124 from a pinned layer (or a top reference
layer) 128. In this particular embodiment, both the free layer
124 and the top reference layer 128 have perpendicular mag-
netic orientations. As mentioned previously, perpendicular
magnetic orientations can enable smaller device structures.
For perpendicular single tunneling barrier layer structures,
the sw1tch111g may be achieved through fast nucleation of
domains when the activation volume of the free layer 1s less

than the total volume as discussed 1n more detail 1n Applied
Physics Letters, Vol. 99, 042501 (2001), and IEEE Magnetics

Letters, Vol. 2, 3000204 (2011).
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FIG. 13 1llustrates a magnetic element or (a magnetic stack
structure or M'TJ) 130 1n which a capping layer 138 formed
from one or more of the new oxide materials may be provided.
The capping layer 138 may be arranged over the free layer
136, and the free layer 136 may be separated from a pinned
layer (or a bottom reference layer) 132 by an MgO tunneling
barrier layer 134. In this embodiment, the free layer 136 and
the bottom reference layer 132 both may have perpendicular
magnetic orientations.

FIG. 14 1llustrates another magnetic element (or a mag-
netic stack structure) 140 constructed according to principles
ol the present inventive concepts. As shown 1n FIG. 14, a seed
layer 142 can be formed from one or more of the new oxide
materials disclosed herein. A pinned layer (or a bottom ref-
erence layer) 144 can be formed on the seed layer 142. A free
layer 148 can be provided and separated from the bottom
reference layer 144 by an MgO tunneling barrier layer 146.
And finally, a capping layer 149 can be formed from one or
more of the new oxide materials and arranged above the free
layer 148. In this particular embodiment, both the free layer
148 and the bottom reference layer 144 can have perpendicu-
lar magnetic orientations.

FIG. 15 1llustrates a magnetic element or DMTJ magnetic
stack structure 150 similar to that shown 1n FIG. 8, except that
cach of the magnetic layers have a perpendicular magnetic
orientation, More particularly, as illustrated 1n FIG. 15, a
pinned layer (or a top reference layer) 159 can be arranged
above a free layer 156 with a non-magnetic spacer layer or a
tunneling barrier layer 158 arranged therebetween. The
spacer layer 158 can be formed from one or more of the new
oxide materials disclosed herein. Another pinned layer (or a
bottom reference layer 152) can be arranged below the free
layer 156 with an MgO tunneling barrier layer 154 disposed
between the free layer 156 and the bottom reference layer
152. Each of the reference layers 152, 159 and the free layer
156 can have a perpendicular magnetic orientation, with the
magnetic orientation of the top reference layer 159 preferably
arranged opposite that of the bottom reference layer 152. As
discussed previously, perpendicular magnetic orientations
can enable smaller device structures, and fast switching may
be possible when the activation volume 1s less than the total
volume of the free layer.

Referring now to FIG. 16, a magnetic element (or a mag-
netic stack structure or MTJ) 160 according to yet another
embodiment can include a seed layer 161 formed from one or
more of the new oxide materials, a pinned layer (or a bottom
reference layer) 163 arranged on the seed layer 161, an MgO
tunneling barrier layer 164 arranged between the bottom ref-
erence layer 163 and a free layer 165, a non-magnetic spacer
layer or a tunneling barrier layer 167 formed from one of the
new oxide materials arranged between the free layer 165 and
another pmned layer (or a top reference layer) 168, and a
capping layer 169 formed from one of the new oxide materi-
als arranged above the top reference layer. Each of the free
and reference layers can have a perpendicular magnetic ori-
entation with the top and bottom reference layers 163, 168
having magnetic orientations in opposite directions.

FIG. 17 depicts an exemplary embodiment of a portion of
a magnetic memory 400 utilizing a magnetic element dis-
cussed above. In the embodiment shown, the magnetic
memory may be a STT-RAM 400. The STT-RAM 400
includes reading/writing column selector/drivers 402 and 406
as well as word line selector/driver 404. The STT-RAM 400
also includes memory cells 410 including a magnetic element
412 and a selection/isolation device 414. The magnetic ele-
ment 412 may be any magnetic elements shown 1n FIGS. 7
through 16. The reading/writing column selector/drivers 402
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and 406 may be used to selectively drive current through the
bit lines 403 and thus the cells 410. The word line selector/

driver 404 selectively enables row(s) of the STT-RAM 400 by

enabling the selection/isolation device 414 coupled with the
selected word line 405. In the embodiment shown, the addi-

tional magnetic field used 1n writing may be provided by the
bit lines 403.

Referring back to FIG. 17, according to further principles
of the present inventive concepts, a circuit structure as shown
in FIG. 17 can be formed using magnetic memory elements
which include binary, ternary, or multi-nary alloy oxides as
seed, capping, or barrier layers to improve their performance
characteristics at reduced memory cell sizes, faster writing
and reading speeds, and reduced reading and writing random
CITOors.

Referring to FIG. 18, access devices are arranged in a
predetermined region of a substrate 10.

The substrate 10 may be a silicon substrate, a galllum
arsenide substrate, a silicon germanium substrate, a ceramic
substrate, a quartz substrate, or a glass substrate for display,
and may be an SOI (Silicon On Insulator) substrate. In this
case, the access devices may be MOS transistors. In this case,
the access transistors are arranged 1n an active region that 1s
defined by a device 1solation film 11 formed 1n a predeter-
mined region of the substrate 10. Specifically, the access
transistor 1s arranged 1n the active region, and may include a
source region 13 and a drainregion 12, which are spaced apart
from each other, and a gate electrode 22 that 1s formed on an
upper portion of a channel region between the source region
13 and the drain region 12. The gate electrode 22 may extend
to cross the upper portion of the active region to serve as a
word line. The gate electrode 22 is insulated from the active
region by a gate msulating film 21.

A first interlayer isulating {ilm 20 1s formed on the upper
portion of the substrate 10 having the access transistors, and
a source line 32 may be arranged on a predetermined region of
the first interlayer insulting film 20 that corresponds to the
source region 13. The source line 32 may be formed to extend
in the same direction as the gate electrode 22. A source line
contact 24 and a landing contact 23 are formed 1n the first
interlayer msulating film 20. The source line contact 24 elec-
trically connects the source line 32 and the source region 13,
and the landing contact 23 may be formed on the drain region
12 to electrically connect an M'TJ element to the drain region
12 of the access transistors.

A second interlayer msulating film 30 may be formed on
the first interlayer insulating film 20 on which the source line
32 may be arranged. In the second nterlayer insulating film
30, a lower electrode contact 31 that 1s electrically connected
to the landing contact 24 may be formed.

An MTIJ element 10 according some embodiments of the
present disclosure discussed above, for example, with respect
to FIGS. 7-16 may be arranged on electrode contact 31 and/or
the second interlayer msulating film 30. Since the magnetic
tunnel junction element 10 1s described above, the detailed
description thereof will be omaitted.

The magnetic tunnel junction element 10 and the drain
region 12 are electrically connected through the landing con-
tact 23 and the lower electrode contact 31.

A third mterlayer msulating film 40 may be formed over
the MTJ element 10. On the third interlayer insulating film 40,
a bit line 50 may be arranged to cross the gate electrode 22.
The bit line 50 and the magnetic tunnel junction element 100
are electrically connected through the upper electrode contact
41. In an alternative process, upper electrode contact 41 can
be omitted.
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The first, second, and third interlayer insulating films 20,
30, and 40, for example, may be formed of a silicon oxide film
or a silicon nitride oxide film. The landing contact 23, the
source line contact 24, the source line 32, the lower electrode
contact 31, the upper electrode contact 41, and the bit line 50
may be formed, for example, using W, Ru, Ta, Cu, Al, or
doped polysilicon.

On the bit line 50, conductive wires for electrical contact
with circuits of a peripheral circuit portion (not i1llustrated)
may be Turther formed.

FIG. 19 1s a schematic view of an electronic system 900 1n
which the magnetic element device according to some
embodiment of the mnventive concept described above may be
used. The electronic system 900 may be used for a wide
variety ol electronic devices such as a computer including,

but not limited to, a portable notebook computer, Ultra-Mo-
bile PCs (UMPC), Tablet PCs, a server, workstation, a mobile

telecommunication device, satellite, set top box, TV and so
on. For example, the electronic system 900 may include a
memory system 912, a processor 914, RAM 916, and a user
interface 918, which may execute data communication using
a bus 920. The memory system 912 may include a magnetic
device according some embodiments of the present applica-
tion discussed above. The processor 914 may be a micropro-
cessor or a mobile processor (AP). The processor 914 may
have a processor core (not illustrated) that can include a
floating point unit (FPU), an arithmetic logic unit (ALU), a
graphics processing unit (GPU), and a digital signal process-
ing core (DSP Core), or any combinations thereof. The pro-
cessor 914 may execute the program and control the elec-
tronic system 900. The RAM 916 may be used as an operation
memory of the processor 914. For example, the processor 914
or the RAM 916 may include a magnetic device according to
example embodiments described above. Alternatively, the
processor 914 and the RAM 916 may be packaged 1n a single
package body. The user interface 918 may be used in mput-
ting/outputting data to/from the electronic system 900. The
memory system 912 may store codes for operating the pro-
cessor 914, data processed by the processor 914, or externally
input data. The memory system 912 may 1nclude a controller
and a memory.

The electronic system 900 may be used 1n electronic con-
trollers for a variety of electronic devices.

By constructing a magnetic stack structure having one or
more of the new oxide materials as a seed layer, a capping
layer, and/or a barrier or spacer layer, a higher TMR ratio can
be provided along with a lower RA value and lower STT
writing current density and voltage. In addition, higher inter-
tacial perpendicular anisotropy can be achieved using these
improved seed, capping, and insertion materials. The
improved materials also provide for a greatly reduced prob-
ability of reading and writing errors along with a well estab-
lished direction for switching and good selection character-
1stics.

For example, by forming one of the barrier layers using
MgTb, O as the new Mg A O, binary oxide, high coherent
tunneling can be achieved, enabling a high TMR ratio. In
addition, a good crystal match can be obtained between the
barrier layer and the magnetic pinned or free layer. Similarly,
when MgTb O (or one of the other new oxide materials) 1s
used to form the seed or capping layer, a good lattice match
between the crystal structures can be obtained and a lower RA
value can be achieved. This 1s, because Tbh associates with O
preferably, thus causing fewer oxygen atoms to be associated
with Mg, resulting in lower barrier height and lower RA
value.
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In the embodiments shown, MgO may be generally used as
one of the barrier layers, with one of the new oxide matenals
being used as a second barrier layer, a capping layer, or a seed
layer. However, the principles of the present application may
also be applied when barrier materials other than MgO are
used. If new oxide materials are used to provide two or more
barrier layers, one of the new oxide material layers should
preferably have an RA value of at least one order of magni-
tude higher than the other new oxide material barrier layer.
Because cancellation depends on the RA values, if the RA
values are too similar 1t may be difficult to effectively read
from the device. In alternative embodiments, therefore, the
main tunneling barrier can be made from any one or more of
the new class of oxides.

In some embodiments, methods of writing to these devices
can include using bipolar or unipolar current (or voltage)
flowing through the MTJ devices to cause switching. A
method of writing could alternatively include using bipolar or
unipolar current (or voltage) flowing through the MTIJ
devices 1n conjunction with an assisting pulsing current adja-
cent the MTJ devices. In one embodiment, the assisting puls-
ing current can couple to the M1 through magnetic fields. In
another embodiment, the assisting pulsing current can cause
spin currents or spin torques onto the MTJ from physical
elfects such as Spin Hall Effect, or Rashba efifect. The assist-
ing pulsing current can lead, and/or overlap the current (or
voltage) tflowing through the MTJ. These methods can help
produce faster switching with lower writing error rates.

In particular, according to one embodiment, a magnetic
memory which includes a plurality of magnetic storage cells
(ecach of which including at least one magnetic element dis-
cussed above) as illustrated in FI1G. 17, may be programmed
by driving a bipolar or unipolar current through the at least
one magnetic element or applying a voltage to at least one
magnetic element. The bipolar or unipolar current or voltage
may be sulficient to program the at least one magnetic ele-
ment. Each of the plurality of magnetic storage cells may also
include at least one selection device. The at least one mag-
netic element may thus be programmable by passing a write
current through the at least one magnetic element or applying
a voltage to the at least one magnetic element.

In another embodiment, a magnetic memory which
includes a plurality of magnetic storage cells (including at
least one magnetic element discussed above) as 1llustrated 1n
FIG. 17, may be programmed by driving a first current near
but not through the at least one magnetic element of a portion
of the plurality of magnetic storage cells, e.g., driving a puls-
ing current 1 a conductive wire adjacent the at least one
magnetic element and driving a second current through the at
least one magnetic element or applying a voltage. The first
current may generate a magnetic field or additional spin
torque. The second current or voltage; and the magnetic field
or additional spin torque may be suificient to program the at
least one magnetic element. With the above described
embodiments of the present inventive concept, faster switch-
ing with lower error rates 1n the operation of magnetic memo-
ries can be realized. In other words, with the new oxide
maternials of the present inventive concepts, coupled with
assisted writing discussed above, the fastest switching at even
smallest memory cell sizes, e.g., sub-20 nanometer nodes,
might be realized.

It will be understood by those skilled 1n the art that, in
general, terms used herein, and especially in the appended
claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should
be interpreted as “including but not limited to,” the term
“having’” should be interpreted as “having at least,” the term
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“includes™ should be interpreted as “includes but 1s not lim-
ited to,” etc. ). It will be Turther understood by those within the
art that 11 a specific number of an introduced claim recitation
1s 1intended, such an intent will be explicitly recited 1n the
claim, and 1n the absence of such recitation no such intent 1s
present. For example, as an aid to understanding, the follow-
ing appended claims may contain usage of the introductory
phrases “at least one” and “one or more” to mntroduce claim
recitations. However, the use of such phrases should not be
construed to imply that the introduction of a claim recitation
by the indefinite articles “a” or “an” limits any particular
claim containing such introduced claim recitation to
examples containing only one such recitation, even when the
same claim 1ncludes the mtroductory phrases “one or more”
or “at least one” and indefinite articles such as “a” or “an”
(e.g., “a” and/or “an” should be interpreted to mean “at least
one” or “one or more”); the same holds true for the use of
definite articles used to introduce claim recitations. Further-
more, 1n those istances where a convention analogous to “at
least one of A, B, or C, etc.” 1s used, in general such a
construction 1s intended 1n the sense one having skill in the art
would understand the convention (e.g., “a system having at
least one of A, B, or C” would include but not be limited to
systems that have A alone, B alone, C alone, A and B together,
A and C together, B and C together, and/or A, B, and C
together, etc.). It will be further understood by those within
the art that virtually any disjunctive word and/or phrase pre-
senting two or more alternative terms, whether in the descrip-
tion, claims, or drawings, should be understood to contem-
plate the possibilities of including one of the terms, either of
the terms, or both terms. For example, the phrase “A or B” will
be understood to include the possibilities of “A” or “B” or “A
and B.”

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiment 1s included 1n at least one embodiment of the
present mvention. Thus, the appearances of the phrases “in
one embodiment” or “in an embodiment™ 1n various places
throughout this specification are not necessarily all referring
to the same embodiment. Furthermore, the particular fea-
tures, structures, or characteristics may be combined 1n any
suitable manner in one or more embodiments. Various mag-
netic memory element structures, and methods and systems
for providing a magnetic memory element and memory fab-
ricated using the magnetic memory element have been
described. Although the structures, methods, and systems
have been described 1n accordance with exemplary embodi-
ments, one of ordinary skill in the art will readily recognize
that many variations to the disclosed embodiments are pos-
sible, and any variations should therefore be considered to be
within the spirit and scope of the apparatus, method, and
system disclosed herein. Accordingly, many modifications
may be made by one of ordinary skill in the art without
departing from the spirit and scope of the appended claims.

The mvention claimed 1s:

1. A magnetic element for a semiconductor device, com-
prising;:

a first reference layer;

a Iree layer;

a first nonmagnetic spacer layer disposed between the first

reference layer and the free layer; and

a seed layer arranged beneath the first reference layer;

wherein the seed layer comprises a binary, ternary, or

multi-nary alloy oxide material,

where the binary, ternary, or multi-nary alloy oxide mate-

rial comprises MgO having one or more additional ele-
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ments selected from the group consisting of: Ru, Al, Ta,
Th, Cu,V, Hf, Zr, W, Ag, Au, Fe, Co, N1, Nb, Cr, Mo, and
Rh.
2. The magnetic element of claim 1 wherein the first non-
magnetic spacer layer 1s an insulating tunneling barrier layer.
3. The magnetic element of claim 1 wherein the first non-
magnetic spacer layer comprises a conductive material to
function as a spin valve.
4. The magnetic element of claim 1, further comprising a
capping layer arranged over the first reference layer, said
capping layer comprising a binary, ternary, or multi-nary
alloy oxide material, where the binary, ternary, or multi-nary
alloy oxide material comprises MgO having one or more
additional elements selected from the group consisting of:
Ru, Al, Ta, Tb, Cu, V, Hi, Zr, W, Ag, Au, Fe, Co, Ni, Nb, Cr,
Mo, and Rh.
5. The magnetic element of claim 1 wherein the first non-
magnetic spacer layer comprises a (001) crystal structure.
6. The magnetic element of claim 1, further comprising a
second reference layer arranged on an opposite side of the
free layer, and a second nonmagnetic spacer layer arranged
between the second reference layer and the free layer.
7. The magnetic element of claim 6 wherein the first non-
magnetic spacer layer comprises a binary, ternary, or multi-
nary alloy oxide matenial,
wherein the binary, ternary, or multi-nary alloy oxide mate-
rial comprises MgO having one or more additional ele-
ments selected from the group consisting of: Ru, Al, Ta,
Th, Cu, V, Hi, Zr, W, Ag, Au, Fe, Co, N1, Nb, Cr, Mo, and
Rh, and

wherein second nonmagnetic spacer layer comprises
MgO.

8. The magnetic element of claim 6, wherein the free layer
and the second reference layer have an in-plane magnetic
orientation and the first reference layer has a perpendicular
magnetic orientation.

9. The magnetic element of claim 6, wherein the free layer
and the second reference layer have a perpendicular magnetic
orientation and the first reference layer has an in-plane mag-
netic orientation.

10. The magnetic element of claim 6, further comprising a
capping layer overlying the first reference layer, wherein the
free layer and the second reference layer have an in-plane
magnetic orientation and the first reference layer has a per-
pendicular magnetic orientation.

11. The magnetic element of claim 6, wherein the {first
reference layer 1s disposed below the second reference layer,
and wherein the free layer and the second reference layer have
a perpendicular magnetic orientation and the first reference
layer has an 1n-plane magnetic orientation.

12. The magnetic element of claim 6 further comprising:

a capping layer arranged above the first reference layer;

wherein the capping layer 1s formed from a binary, ternary,

or multi-nary alloy oxide material having a crystal struc-
ture that closely matches the first reference layer, where
the binary, ternary, or multi-nary alloy oxide material
comprises MgO having one or more additional elements
selected from the group consisting of: Ru, Al, Ta, Th, Cu,
V, Hi, Zr, W, Ag, Au, Fe, Co, N1, Nb, Cr, Mo, and Rh.

13. A magnetic element comprising;:

a reference layer;

a free layer;

anonmagnetic spacer layer disposed between the reference

layer and the free layer;

a capping layer arranged above the reference layer; and

a seed layer arranged below the reference layer,
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wherein the seed layer comprises a binary, ternary, or
multi-nary alloy oxide material, where the binary, ter-
nary, or multi-nary alloy oxide material comprises MgO

having one or more additional elements selected from
the group consisting of: Ru, Al, Ta, Tb, Cu, V, Hi, Zr, W,
Ag, Au, Fe, Co, N1, Nb, Cr, Mo, and Rh.

14. A magnetic element for a semiconductor device, com-
prising;:

a reference layer;

a Iree layer; and

a nonmagnetic spacer layer disposed between the reference

layer and the free layer;

wherein the nonmagnetic spacer layer comprises a binary,

ternary, or multi-nary alloy oxide matenal,
where the binary, ternary, or multi-nary alloy oxide mate-
rial comprises MgO having one or more additional ele-
ments A, wherein A 1s selected from the group consisting
of: Ru, Al, Ta, Tb, Cu, V, Hf, Zr, W, Ag, Au, Fe, Co, N,
Nb, Cr, Mo, and Rh,

wherein the binary alloy oxide material comprises Mg -
A O, where x+y>1 and z<1.

15. A magnetic element comprising:

a Iree layer having a magnetization direction that can be

switched from one direction to an opposite direction;

a reference layer;

a spacer layer arranged between the free layer and the

reference layer; and

a seed layer arranged adjacent to the reference laver,

wherein the seed layer comprises a binary, ternary, or
multi-nary alloy oxide material having one or more addi-
tional elements and a crystal structure that closely
matches a crystal structure of the adjacent reference
layer,

wherein the one or more additional elements are selected

from the group consisting of: Ru, Al, Ta, Th, Cu, V, Hf,
Zr, W, Ag, Au, Fe, Co, N1, Nb, Cr, Mo, and Rh.

16. The magnetic element of claim 15, wherein the binary,
ternary, or multi-nary alloy oxide material comprises Mg, O,
and one or more additional elements to reduce the resistance
of the oxide material as compared to MgQO.

17. The magnetic element of claim 15, wherein the spacer
layer 1s a tunneling barrier layer.

18. The magnetic element of claim 17, wherein the tunnel-
ing barrier layer comprises a binary, ternary, or multi-nary
alloy oxide material having a crystal structure that closely
matches crystal structures of the adjacent free layer and ref-
erence layer.

19. The magnetic memory storage element of claim 15,
wherein the magnetic memory storage element provides a
spin valve structure.

20. A magnetic element for a semiconductor device, com-
prising:

a reference layer;

a Iree layer;

a nonmagnetic spacer layer disposed between the reference

layer and the free layer; and

a seed layer arranged beneath the reference layer,

wherein the seed layer comprises a binary, ternary, or

multi-nary alloy oxide material,
where the binary, ternary, or multi-nary alloy oxide mate-
rial comprises MgO having one or more additional ele-
ments A, wherein A 1s selected from the group consisting
of: Ru, Al, Ta, Tb, Cu, V, Hf, Zr, W, Ag, Au, Fe, Co, N,
Nb, Cr, Mo, and Rh,

wherein the binary alloy oxide material comprises Mg -
A O, where x+y+z=1, x>y and 0<x, ory, or z<I,
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wherein the ternary alloy oxide comprises Mg A’ 1 AZﬂOZ
where x+y1+y2+z=1, x>y1+y2 and 0<x,or y1, or y2, or
7z<1, and

wherein the multi-nary alloy oxide comprises
ngAlylAzyz ... A" O, where x+yl+y2+. . . +yn+z=1,

x>y1+y2+. .. +ynand O<x,orvyl,orvy2,...,orvyn, or
7<1.
21. A magnetic element for a semiconductor device, com-
prising:

a reference layer;

a free layer;

anonmagnetic spacer layer disposed between the reference
layer and the free layer;

a capping layer overlying the free layer; and

wherein at least one of the nonmagnetic spacer layer or the
capping layer comprises a ternary, or multi-nary alloy
oxide material,

where the ternary or multi-nary alloy oxide material com-
prises MgO having one or more additional elements A,
wherein A 1s selected from the group consisting of: Ru,
Al, Ta, Tb, Cu, V, HT, Zr, W, Ag, Au, Fe, Co, N1, Nb, Cr,
Mo, and Rh,

wherein the ternary alloy oxide comprises Mg A’ 1 Azyzoz
where x+y1+y2+z=1, x>yl +y2and 0<x, or y1, or y2, or
7z<1, and

wherein the multi-nary alloy oxide comprises
ngAlylAzyz. LAY O where x+y1+y2+. . . +yn+z=1,

VR Z

x>y1+y2+. .. +ynand O<x, oryl,ory2, ..., oryn, or
7<1].
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22. A magnetic element comprising;
a reference layer;
a Iree layer;

a nonmagnetic spacer layer disposed between the reference
layer and the free layer;

a capping layer overlying the free layer; and
a seed layer arranged below the reference layer,

wherein at least one of the nonmagnetic spacer layer, the
capping layer or the seed layer comprises a ternary, or
multi-nary alloy oxide material,

where the ternary or multi-nary alloy oxide material com-
prises MgO having one or more additional elements A,
wherein A 1s selected from the group consisting of: Ru,
Al Ta, Tb, Cu, V, HT, Zr, W, Ag, Au, Fe, Co, N1, Nb, Cr,
Mo, and Rh,

wherein the ternary alloy oxide comprises Mg, A' | A* ,O,
where x+y1+y2+z=1, x>yl +y2and 0<x, or y1, or y2, or
7<1, and

wherein the multi-nary alloy oxide comprises
ngAlylAzyz. . A" O, where x+yl+y2+. . . +yn+z=1,
x>y1+y2+. .. +ynand O<x,oryl,ory2,...,oryn, or
7<1.

23. The magnetic element of claim 13, wherein the seed

= layer comprises MgAlL,O,, (Mg, Ca, Sr, Ba, Mg)SnO,,

Mg,SnO,,, or NiMn,O,,.

G o e = x
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